of the cat utilizing the Horsley-Clarke technique as described by Ranson (1934) might lead to more accurate knowledge concerning the site, ext.ent and functional significance of the respiratory center.
METHODS.
This investigation was carried out on cats anesthetized for the most part with 15 to 25 mgm. of nembutal per kilo body weight injected intravenously and supplemented with ether during operative procedures. Additional observations were made in animals under ether anesthesia, in others decerebrated under ether and allowed to recover from the effects of the anesthesia, and in normal unanesthetized animals in which electrodes had been inserted into the respiratory center and sealed in the skull some 3 to 5 hours previously under ether anesthesia. The calvarium was trephined and rongeured away tlo provide proper exposure. Bipolar electrodes of enameled nichrome wire were used for stimulation, the tips being ground to a point and separated about 0.2 mm. along the axis of the electrode.
The electrodes were fixed in the carrier of the Horsley-Clarke stereotaxic instrument, which in experiments where stimulation was carried out caudal to the tentorium, was tilted 15" forward from the verticle (Harrison, 1938) , to permit more convenient exploration of this region. All points stimulated were identified in Weil stained serial sections cut in the plane of the punctures.
Stimulating current was obtained from the thyratron regulated discharge of a 0.1 mfd. condenser coupled to the leads by an air core transformer.
Frequencies and voltages given are accurate to well within 10 per cent as shown by oscillographic calibration with electrodes in the brain.
Respiration was recorded by cannulating the trachea and attaching to the cannula a small spirometer built in the form of the familar Krogh basal metabolism machine.
Since the system is a closed one carbon dioxide was absorbed by a soda lime tube placed next to the tracheal cannula to minimize dead space and oxygen was added as needed to maintain volume.
It must be emphasized that this system of recording respiration is the only one tried that is at all suitable.
A tracheal cannula recording through a tambour will obviously record only changes in rate and gives no indication of tonic changes in respiratory midposition. Thoracic pneumographs though accomplishing the latter are entirely unreliable since they record torsions and movements of the body which may result from stimulation.
The spirometer used is entirely unaffected by general body movements.
In the kymograph records presented, the slope of the record inherent in a closed system intermittently refilled has been eliminated by trimming the records in the interest of space conservation. All time markings are at 6 second intervals.
For routine exploration a stimulus intensity of 8 volts and 240 stimuli per second has been used for reasons which will appear in the text. relatively low stimulus intensity striking respiratory responses far surpassing anything obtainable from higher regions of the brain stem. This paper will deal solely with these medullary reactions.
Two striking types of response were noted, the one a deep inspiration tonically maintained for the duration of the stimulus ( fig. IA and B) ; the other an expiration similarly tonically maintained ( fig. lE, F and G) . In both instances the stimulus used was 8 volts and 240 stimuli per second. In both types of response it is apparent that apnea is maintained uninterrupted by any rhythmic respiration for the duration of the stimulus (12 sec. to 3 min.).
The inspiration in figure IA amounts to 200 cc. whereas the tidal air immediately preceding stimulation was only 25 cc. The appearance of the animal during this inspiration is striking, the chest appearing to be maximally expanded.
The expirations shown in figure lE, F and G are considerably less dramatic both in appearance of the animal and in the amount of air expired but it is worthy of note that it is often impossible to deflate the chest appreciably more by firm compression with the hand (fig. lE, note the 3 small deflections caused by such compression).
However, in figure  1G is represented a common type of response where expiration seems little more than that seen in normal respiration.
Some animals showed only this type of response and since there are intergrades ( fig. lF) , it was felt that they were essentially similar.
These responses, maintained excessive inspiratory apnea and maintained expiratory apnea, were soon found to be obtainable only from definitely localized regions; and a thorough exploratory stimulation of the pons, medulla and upper cervical cord was performed to delimit accurately the extent of these regions.
Many varieties of respiratory responses were obtained. In fact if one considers all the possible combinations of increases, decreases and no change, in rate, amplitude, midposition etc., each can be found in the medulla and an attempt to indicate localization would lead to confusion and detract from the more precise localization of maximal reactions.
Consequently we have chosen to consider the 2 types of response shown in figures lA, B and lE, F, G as maximal types if the apnea maintains without interruption for the duration of the test stimulus, i.e., 12 to 18 seconds or more and if, in the case of inspiration the overinspiration amounts to 75 cc. or more, and if in the case of expiration the position of rest is in at least as great a degree of expiration as that of normal respiration preceding stimulation. It must be emphasized that with a stimulus intensity of 8 volts at 240 K and L, specific types of submaximal expiratory and inspiratory responses obtained on stimulation of the lower end of the medulla at the level of decussation of the pyramids; M, a control inspiratory response before, and N and 0, inspiratory and expiratory responses after complete section of the spinal cord at C,; P, control inspiratory and expiratory reactions before and Q, same reactions after bilateral section of the phrenic nerves. 676 stimuli per second there is little spread of current beyond the tips of the electrodes.
In fact we routinely observed in certain regions a complete reversal of response from expiration to inspiration on moving the tips of the electrodes 1 mm.
Localization. In figures 3A to D and figures 4E to H are drawings of sections of the medulla taken at 1 mm. intervals from 2 mm. above the cephalic end of the inferior olive to 1 mm. below the caudal end of the inferior olive. Between sections G and H is an interval of 2 mm. The reactive points which have all been identified in serial Weil stained sections of the medullas have been grouped according to level and plotted on these figures to the nearest 3 mm. The inferior olive is constant enough in its extent to serve as an accurate marker for placing our levels of stimulation in the proper grouping. Thus it is possible by counting sections (50 mu) to place any point of stimulation a given number of millimeters from either the cephalic or caudal end of the inferior olive. The solid triangles represent maximal inspiratory responses, the solid circles maximal expiratory responses. The hollow figures represent submaximal inspiratory and expiratory responses while the plus marks indicate midpositional apneas or reductions in amplitude.
In figure 2 the location of the maximal inspiratory and maximal expiratory responses is diagrammatically shown project,ed on a surface view of the fourth ventricle.
To avoid overlapping, the expiratory reactive region is indicated only on the left, inspiratory on the right. The locations of the sections shown in figures 3 and 4 are indicated on the side. It may be seen that in figure 3B the first maximal expiratory responses appear just above the facial nucleus. In figure 3C they appear in fullest extent, occupying the dorsal reticular formation from the midline to the spinal tract of the trigeminal. They may be followed through sections D and E where they lie in the dorsal part of the reticular formation in the same relative position and then disappear quite suddenly. The maximal inspiratory responses begin in the section illustrated in figure 3C in the ventral reticular formation just dorsal to the cephalic end of the inferior olive and continue in the same relative position expanding to greatest proportions over the middle of the inferior olive in sections 3D and 4E and F. They disappear about 1 mm. above the caudal end of the olive.
The location of these maximal inspiratory and expiratory responses can be briefly summarized as being in the reticular formation of the medulla in the region over the inferior olive, the expiratory region lying dorsal to, slightly cephalic to, and cupped over the cephalic end of the inspiratory region which itself lies as a plate over the dorsal surface of the upper fourfifths of the inferior olive. Rough calculations indicate that the inspiratory and expiratory regions occupy each about 30 cu. mm. of the reticular formation. It must be emphasized that these maximal responses are ments were not designed in such a way that exactly the same number of points were stimulated at each level shown in figures 3 and 4, actually the data do not fall far short of attaining this end, and thus the number of points shown roughly indicates the relative reactive density.
The significance of the minor responses in figure 3A and B above the C Figs. 3 and 4. Sections of the medulla of the cat taken at 1 mm. intervals from 2 mm. above the cephalic end of the inferior olive to 1 mm. below the caudal end of the inferior olive. Between sections G and H is an interval of 2 mm. The plane of the sections is sloping downward and forward 15 degrees from the verticle coronal plane of the Horsley-Clarke coordinates.
The relation of these sections to surface anatomy of the medulla is shown on the right side of figure 2. Solid circles, maximal expiratory reactions; solid triangles, maximal inspiratory reactions; hollow circles, submaximal expiratory reactions; hollow triangles, submaximal inspiratory reactions; plus signs, midpositional changes, i.e., reductions in amplitude or apnea. Cuneate nucleus, CN; corticospinal tract, CS; medial longitudinal fasciculus, F; gracile nucleus, GN; hypoglossal nucleus, H; intercallate nucleus, I; inferior olive, IO; lateral cuneate nucleus, LCN; lateral reticular nucleus, LN; lateral vestibular nucleus, L ves; medial lemniscus, M; motor nucleus of vagus, MX; medial vestibular nucleus, M ves; area postrema, P; restiform body, R; tractus solitarius, S; spinal vestibular tract and nucleus, X ves; spinal tract of the trigeminal nerve, V; ventral cochlear nucleus, V Co. These responses moreover are of a specific appearance as shown in figure  1K and L, appearing as either inspiratory or expiratory shifts in midposition with little change in rate or amplitude of respiration.
The medial position of the expiratory and more lateral position of the inspiratory responses is evident in figure 4H , both lying in the ventral column of the lower end of the medulla. Exploration was performed to a level of the first cervical nerve but since identification of the punctures was impossible due to small size and curvature of the cord no levels lower than that shown in figure 4H can be shown.
Qualitatively this same distribution of inspiratory and expiratory responses was noted at the time of such experiments though subsequent identification of punctures was impossible. A consideration of the results presented so far suggests that the region of maximal inspiratory and maximal expiratory responses is the same as that which has been termed the respiratory center by preceding workers in the field. Such a view is justified by the consideration of the following points which are here stated briefly but will be discussed more in detail later.
These responses are coordinated respiratory acts. They are probably not due to stimulation of afferent pathways to or efferent pathways from the respiratory centers. They are invariable responses only quantitatively influenced by the strength or frequency of stimulation. These responses are dominant over respiratory and vascular reflexes. They are independent of anesthesia.
Coordinate respiration may be attained by rhythmic stimulation of these centers.
Thus throughout the rest of the paper we feel justified in using the term respiratory center to describe the regions we have localized in the preceding paragraphs as yielding maximal inspiratory and maximal expiratory responses.3 For convenience we shall use the terms inspiratory center and expiratory center though the latter might be more fittingly called an inspiratory inhibitory center. By using the term "center" we mean that the region of the reticular formation which we have localized above, undoubtedly containing many neurons richly interconnected synaptically, acts as a supranuclear regulating, coordinating and driving mechanism for the lower phrenic and thoracic cord nuclei.
Coiirdination of thorax and diaphragm. The magnitude and persistence of the maximal inspiratory and expiratory apneas obviously suggest that the diaphragm as well as the thorax participates in the reactions. In fact with the abdomen opened powerful tetanic diaphragmatic contractions could be seen on stimulation of the inspiratory center, whereas relaxation was evident on stimulation of the expiratory center.
In figure  1M is shown an inspiratory response prior to section of the cervical cord at CT, and in figure 1N and 0 are inspiratory and expiratory responses .after section, only the diaphragm being active.
In figure 1P are shown inspiratory and expiratory responses before bilateral phrenic nerve section, and in figure 1Q the same responses after nerve section, only the thoracic The possibility that we are stimulating afferent fibers to the respiratory centers rather than the centers themselves is a valid criticism.
We have attempted to rule out such a possibility in the following ways.
Stimulation of the brain stem either above or below the center does not yield the typical maximal responses (see fig.  3A, B and fig. 4H ).
Thus stimulation of ascending or descending fiber tracts alone will not yield the response.
The possibility exists that these tracts are so scattered both above and below the region where maximal responses are obtained, that only a fraction of the fibers are stimulated and hence the reactions are of lesser magnitude. This is ruled out in a number of ways.
The centers themselves are not as circumscribed as one would expect a compact bundle of afferents or efferents to be. Furthermore the typical inspiratory and expiratory responses are obtained both ipsilaterally and contralaterally above a chronic hemisection of the spinal cord at Cl. These same responses are obtained on both sides below a chronic medullary hemisection at the level of the acoustic tubercles.
In these animals stimulated 4 to 8 weeks after operation afferent or efferent tracts passing through this region would have degenerated.
Furthermore these experiments demonstrate rich crossed connections at the level of the centers. The maximal inspiratory and expiratory reactions are in no way similar to results obtained on stimulation of an afferent pathway such as the sciatic nerve which usually causes reflex hyperpnea.
Stimulation of the central end of the vagus gives highly variable results, in no case approaching the results of stimulation of the inspiratory center.
In some cats an expiratory apnea does result from central vagal stimulation not unlike that obtained from the expiratory center.
However, a glance at figures 3 and 4 indicates that the extent of the expiratory center is not that of the entering vagal fibers or their secondary sensory connections in the nucleus of the tractus solitarius.
Evidence to be presented in a succeeding paper does, however, indicate rich central connections of the vagus with the expiratory center in its function of pneumotaxis.
Magnitude of response in relation to extent of stimulus.
The magnitude of the maximal responses obtained is worthy of emphasis.
The inspiration on stimulation of the inspiratory center may amount to over 200 cc., often over IO times the tidal air. This response is obtained by stimulation of less than 3 cu. mm. of the reticular formation, for with voltages as high as 20 volts spread of stimulus is less than 1 mm. judging from reversal or disappearance of reaction on moving t,he electrodes 1 mm. Since the volume of brain substance from which maximal responses may be obtained is over 30 cu. mm. and since the direct excitation of less than 3 cu. mm. within this region can yield responses which appear to be maximal, it is probable that the center is fired as a whole through rich synaptic interconnections.
Evidence to be presented in a succeeding paper confirms this view.
Variation of voltage and frequency of stimulation. In figure 5A and B is shown an experiment indicating the effects of variation in voltage and frequency on the activity of the inspiratory center. In figure 5A a constant frequency of 240 stimuli per second was used at strengths from 1 to 15 volts. A perceptible inspiratory hypertonus is seen with 1 volt, apnea appears at 3 volts and at 6 volts is maintained. At 8 volts the response appears maximal. In figure 5B a constant stimulus intensity of 8 volts was used and frequency varied as shown from 240 to 34 stimuli per second. It is seen that the higher frequency stimuli are more effective. It should be emphasized that only one condenser, a 0.1 mfd. one was used throughout the voltage and frequency range so that the form of the stimulus should remain essentially constant. Other frequency series were run at both higher and lower voltages with qualitatively similar results. At lower voltages higher frequency was necessary to maintain maximal apnea. It is evident that an increase in frequency makes up to some extent for a decrease in voltage and since it is desirable to keep the stimulus as localized as possible a value of 8 volts and 240 stimuli per second was chosen for routine exploratory stimulation. In figure 5C and D similar variations of voltage and frequency yielded qualitatively similar results on stimulation of the expiratory center. It may be seen that the responses obtained with the low stimulus intensities are not dissimilar to some of the responses shown in figure lC, D and H as submaximal responses. It is equally evident that the inspiratory center yields only inspiratory hypertonias of varying degree and the expiratory center yields only expiratory hypertonias independent of stimulus strength or frequency within the limits specified and available to us. There has never been any suggestion of response reversal.
Independence of respiratory and vascular responses. In figure 5E and F are shown simultaneous records of respiratory responses and blood pressure with stimulation of the inspiratory and expiratory center. It is evident that minimal cardiovascular effects result from stimulation of the centers. What little variation is present may be explained on the basis of mechanical obstruction or as responses to increased carbon dioxide tension within the lungs. If the spirometer is filled with air rather than oxygen a typical asphyxial rise in blood pressure occurs followed by cardiac slowing, irregularity and fall in blood pressure. A consideration of figures 3 and 4 shows that the region of the respiratory centers differs considerably in extent and location from that which yields significant cardiovascular responses (Wang and Ranson, 1939) . CoBrdinate respiration produced by stimulation of the centers. In figure  5G the inspiratory center of an animal which had a rather slow irregular respiration was stimulated rhythmically with stimuli of about 4 seconds, duration.
It is seen that respiration is converted into a slow smooth regular sequence. Expiration is passive and the next inspiratory stimulus is introduced prior to the beginning of the next spontaneous inspiration.
In figure 5H respiration is controlled by rhythmic stimulation of the expiratory center. Here inspiration is spontaneous and the expiratory stimulus is introduced prior to the beginning of the next spontaneous expiration. In figure 51 is shown the record of an animal overanesthetized with ether to Fig. 6 . Spirometer tracing of the respiratory reaction to continued stimulation of the inspiratory center to death. Time 6 second intervals.
Stimulus 8 volts at 240 stimuli per second. The irregularities in the record result from asphyxial convulsive activity. cessation of respiration.
The inspiratory center was rhythmically stimulated for a time and on cessation of the stimulation normal respiration was resumed. In figure 55 is the record of an animal deteriorating as a result of shock and excessive medullary puncturing.
Rhythmic stimulation of the inspiratory center was followed by a return of spontaneous respiration and the animal lived for several minutes more.
Dominance of the respiratory reactions. Figure 6 is the record of stimulation of the inspiratory center of an animal continuously till death. Inspiration is maintained deep and uninterrupted for a period of 6 minutes. At the end of this time irritability of the inspiratory center was lost and gradual passive expiration occurred. The heart at this time was slow and irregular and ceased beating a few minutes later. It is evident that inspiration is maintained without interruption.
The irregularities in the record If air rather than oxygen is used in the spirometer death occurs after 2.5 to 3 minutes and the mucosae are markedly cyanotic.
In figure 6 the stimulus to breathe must certainly have been maximal yet apnea to death was maintained.
We have not been able to maintain apnea in expiration for longer than 3 minutes, never till death.
Spontaneous inspirations break through after a time and permit sufficient ventilation to maintain life. As pointed out before, the expiratory center might better be called an inspiratory inhibitory center, and with such a strong stimulus to inspire as asphyxia, inhibition of inspiration fails.
Anesthesia.
Essentially identical results on stimulation of the inspiratory and expiratory centers have been obtained under nembutal anesthesia using from 15 to 40 mgm. per kilo body weight given intravenously, under ether anesthesia and in animals decerebrated under ether and allowed to recover.
Decerebrate animals are less resistant to repeated medullary puncture with the electrode and deteriorate more rapidly than those anesthetized with nembutal.
A most interesting type of experiment was performed by placing electrodes in the inspiratory center and sealing them firmly in the skull with dental cement.
From 3 to 5 hours after discontinuation of the ether and at a time when the animal was walking around the room, the inspiratory center was stimulated with 2 volts at 240 stimuli per second. A perceptible overinspiration was noted lasting for 2 to 3 seconds.
With 5 volts an apparently maximal inspiratory apnea was maintained for 15 seconds followed by shallow respiratory excursions superimposed on a maintained inspiratory hypertonus.
With 10 volts a maximal inspiratory apnea was maintained for 1 minute 15 seconds with a few spasmodic shallow respirations then appearing on the inspiratory hypertonus. On cessation of stimulation the animal showed a marked hyperpnea. With 20 volts the animal maintained maximal inspiratory apnea to death which occurred after 3 minutes of stimulation.
SUMMARY
In the preceding paragraphs we have defined a localized region of the ventral reticular formation of the medulla of the cat immediately overlying the cephalic four-fifths of the inferior olive, from the stimulation of which may be obtained maximal inspiration involving both thorax and diaphragm. The chest and diaphragm remain fixed in maximal inspiration and rhythmic respiration is abolished. The inspiration may be maintained to death by continued stimulation. Dorsal to, slightly cephalic to and cupped over the cephalic end of the inspiratory reticular formation is a region of the dorsal reticular formation from the stimulation of which may be obtained expiration involving both thorax and diaphragm (in the latter passive relaxation) which in some instances is maximal. In some animals only a passive expiration is obtained but in either instance apnea may be maintained in a passive to a maximally active expiratory position for a period up to 2 or 3 minutes, inspiration then gradually breaking through. We have presented evidence that these regions comprise the respiratory center of previous workers in the field of the neural control of respiration. These lines of evidence include the following. The respiratory responses are well localized within the region which previous workers have vaguely defined as the respiratory center. Responses are maximal coordinated respiratory acts. The responses are probably not due to stimulation of afferent or efferent fiber tracts but to stimulation of a neuron field closely interrelated synaptically.
They are invariable responses only quantitatively influenced by strength and frequency of stimulation. They are independent of the anesthetic used and may be obtained in unanesthetized animals with electrodes sealed in the skull.
The cephalic and caudal limits which we have defined above for the respiratory center in the cat agree quite well with the limits defined by Gesell, Bricker and Magee (1936) for the respiratory center in the dog.
Functionally the respiratory center is divided into an inspiratory and an expiratory center, the latter so called for simplicity though it would better be termed an inspirato-inhibitory and expiratory center. Caudal to these centers which extend to slightly below the obex we have defined responses which consist of an inspiratory or expiratory hypertonus with superimposed rhythmic respiration little altered in rate or depth from the normal. These responses we feel are obtained from the descending pathways from the inspiratory and expiratory centers to the lower phrenic and thoracic cord nuclei.
This localization of descending respiratory pathways agrees with observations of Rothmann (1902) and Allen (1927) which indicate that the descending respiratory pathways in the spinal cord lie in the anterior columns and in the ventral part of the lateral columns.
That this location of the respiratory centers in the cat may be applied roughly to man is indicated by figures presented by Finley (1931) showing lesions in the medullary reticular formation overlying the inferior olive from 2 cases of neurologic respiratory failure.
